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(57) ABSTRACT

A pixel cell having a substrate, photo-conversion device, and
at least one dielectric layer over the photo-conversion device.
The at least one dielectric layer includes one or more rare
carth elements for amplifying the number of photons capable
ol being converted to charge by the photo-conversion device.
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PHOTON AMPLIFICATION FOR IMAGE
SENSORS

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a divisional of U.S. patent application

Ser. No. 10/916,427, filed Aug. 12, 2004, now U.S. Pat. No.
7,145,189 which 1s hereby mcorporated herein by reference
in its entirety.

FIELD OF THE INVENTION

The present invention relates generally to the field of semi-
conductor devices and more particularly to photon amplifi-
cation 1n semiconductor devices, including image sensors.

BACKGROUND OF THE INVENTION

CMOS 1mage sensors are increasingly being used as a low
cost alternative to charge coupled device (CCD) image sen-
sors. In a CMOS 1mage sensor, the active elements of a pixel
cell perform the necessary functions of: (1) photon to charge
conversion; (2) accumulation of image charge; (3) transier of
charge to the sensing node accompanied by charge amplifi-
cation; (4) resetting the sensing node to a known state belfore
the transter of charge to it; (5) selection of a pixel for readout;
and (6) output and amplification of a signal representing pixel
charge from the sensing node.

CMOS 1mage sensors of the type discussed above are

generally known as discussed, for example, in Nixon et al.,
“236x256 CMOS Active Pixel Sensor Camera-on-a- Chlp,”

IEEE Journal of Solid-State Circuits, Vol. 31(12), pp. 2046-
20350 (1996); and Mendis et al., “CMOS Active Pixel Image
Sensors,” IEEE Transactions on Electron Devices, Vol. 41(3),
pp. 452-453 (1994). See also U.S. Pat. Nos. 6,177,333 and
6,204,524, which describe the operation of conventlonal
CMOS image sensors and are assigned to Micron Technol-
ogy, Inc., the contents of which are incorporated herein by
reference.

A schematic diagram of a conventional CMOS pixel cell 10
1s shown 1n FIG. 1A. The illustrated CMOS pixel cell 10 1s a

tour transistor (47T) cell. The CMOS pixel cell 10 generally
comprises a photo-conversion device 12 for generating and
collecting charge generated by light incident on the pixel cell
10, and a transfer transistor 13 for transferring the photoelec-
tric charge from the photo-conversion device 12 to a sensing,
node, typically a floating diffusion region 31. The floating
diffusion region 31 1s electrically connected to the gate of an
output source follower transistor 17. The pixel cell 10 also
includes a reset transistor 16 for resetting the tloating ditiu-
sionregion 31 to a predetermined voltage (shown as the array
pixel voltage Vaa-pix); and a row select transistor 18 for
outputting a signal from the source follower transistor 17 to
an output terminal 1n response to an address signal.

FIG. 1B 1s a cross-sectional view of a portion of the pixel
cell 10 of FIG. 1 depicting the photo-conversion device 12.
The 1llustrated photo-conversion device 12 1s formed as a
pinned photodiode. The photodiode has a p-n-p construction
comprising a p-type suriace layer 23 and an n-type photo-
diode region 22 within a p-type substrate 1. The photodiode
12 1s adjacent to and partially underneath the transfer transis-
tor 15. The reset transistor 16 1s on a side of the transier
transistor 15 opposite the photodiode 12. As shown 1n FIG.
1B, the reset transistor 16 includes a source/drain region 32.
The floating diffusion region 31 1s between the transfer and
reset transistors 15, 16.
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A first and second dielectric layers 61 and 62 are respec-
tively provided over the transistors 15, 16 and substrate 1. An
interlayer dielectric (ILD) region 63 i1s provided over the
second dielectric layer 62. The ILD region 63 typically
includes multiple layers of interlayer dielectrics along with
conductors, which form connections between devices of the
pixel cell 10 and from the pixel cell 10 to other circuitry (not
shown). Typically, a color filter 70, which selects a particular
range ol wavelengths, 1s provided over the ILD region 63.
Over the filter 70 1s a microlens 75, which focuses light onto
the photodiode 12.

In the CMOS pixel cell 10 depicted 1n FIGS. 1A and 1B,
clectrons are generated by photons of electromagnetic radia-
tion 1ncident on the photo-conversion device 12 and are stored
in the n-type photodiode region 22. These charges are trans-
terred to the floating diffusion region 31 by the transfer tran-
sistor 15 when the transfer transistor 135 1s activated. The
source follower transistor 17 produces an output signal from
the transierred charges. A maximum output signal 1s propor-
tional to the number of electrons extracted from the n-type
photodiode region 22.

It 1s known that not every incident photon generates an
clectron. The percentage of incident photons converted to
clectrons depends upon the quantum efficiency of the pixel
cell. It 1s advantageous to have a pixel cell with improved
quantum eificiency.

BRIEF SUMMARY OF THE INVENTION

Exemplary embodiments of the invention include a pixel
cell having a substrate, photo-conversion device, and at least
one dielectric layer over the photo-conversion device. The at
least one dielectric layer includes one or more rare earth
clements for amplifying the number of photons capable of
being converted to charge by the photo-conversion device.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other aspects of the mvention will be
better understood from the following detailed description of
the i1nvention, which 1s provided in connection with the
accompanying drawings, 1n which:

FIG. 1A 1s a schematic diagram of a conventional pixel
cell;

FIG. 1B 1s a cross sectional view of a portion of the pixel
cell of FIG. 1A;

FIG. 2A 1s a cross sectional view of a pixel cell according
to an exemplary embodiment of the invention;
FIG. 2B 1s a top plan view of a portion of the pixel cell of

FIG. 2A;

FIG. 3A depicts the pixel cell of FIG. 2A at an 1mitial stage
of processing;

FIGS. 3B-3H depict the pixel cell of FIG. 2A at interme-
diate stages of processing;

FIG. 4 1s a cross sectional view of a pixel cell according to
another exemplary embodiment of the invention;

FIG. 5 1s a cross sectional view of a pixel cell according to
another exemplary embodiment of the invention;

FIG. 6 15 a block diagram of an image sensor according to
an exemplary embodiment of the invention; and

FIG. 7 1s a schematic diagram of a computer processor
system 1ncorporating the image sensor of FIG. 6.

DETAILED DESCRIPTION OF THE INVENTION

In the following detailed description, reference 1s made to
the accompanying drawings, which form a part hereof and
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1llustrate specific embodiments 1n which the invention may be
practiced. In the drawings, like reference numerals describe
substantially similar components throughout the several
views. These embodiments are described 1n suificient detail
to enable those skilled 1n the art to practice the invention, and
it 1s to be understood that other embodiments may be utilized,
and that structural, logical and electrical changes may be
made without departing from the spirit and scope of the
present invention.

The terms “water” and “substrate” are to be understood as
including silicon, silicon-on-insulator (SOI), silicon-on-sap-
phire (SOS), and silicon-on-nothing (SON) technology,
doped and undoped semiconductors, epitaxial layers of sili-
con supported by a base semiconductor foundation, and other
semiconductor structures. Furthermore, when reference 1s
made to a “water” or “substrate” in the following description,
previous process steps may have been utilized to form regions
or junctions 1n the base semiconductor structure or founda-
tion. In addition, the semiconductor need not be silicon-
based, but could be based on silicon-germanium, germanium,
or galllum-arsenide.

The term “pixel” or “pixel cell” refers to a picture element
unit cell containing a photo-conversion device and transistors
for converting electromagnetic radiation to an electrical sig-
nal. For purposes of 1llustration, a representative pixel cell 1s
illustrated in the figures and description herein, and typically
fabrication of all pixel cells 1n an 1mage sensor array will
proceed concurrently and 1n a similar fashion.

FIG. 2 A 1s across-sectional view of a pixel cell 200 accord-
ing to an exemplary embodiment of the invention. The pixel
cell 200 1s sumilar to the pixel cell 10 depicted in FIGS. 1A
and 1B, except that the pixel cell 200 includes a photodiode
212 having a p-type surface layer 223 that 1s doped with one
or more rare earth elements. Additionally, a portion 266 of
one or more of the first and second dielectric layers 261, 262
over the photodiode 212 1s doped with one or more rare earth
clements. In the exemplary embodiment shown 1n FIG. 1, the
first dielectric layer 261 1s a layer of tetraethyl orthosilicate
(TEOS) and the second dielectric layer 1s a layer of borophos-
phosilicate glass (BPSG). The first and second dielectric lay-
ers 261, 262 can 1nstead be formed of any suitable dielectric
material. Also, as shown 1n FIG. 2B, the portion 266 prefer-

ably, has a top down shape similar to that of the photodiode
212.

According to one exemplary embodiment, the surface
layer 223 and dielectric portion 266 are doped with erbium
(Er). Erbium 1s a rare earth element that amplifies optical
signals. Erbium 1ons have quantum levels that allow excita-
tion at wavelengths of 800 nanometers (nm), 980 nm and
1480 nm. Therefore, the Er-doped surface layer 223 and
dielectric portion 266 are especially suited for amplifying red,
inirared and/or near-infrared wavelengths. The Er-doped sur-
face layer 223 and portion 266 amplily the photons incident
on the pixel cell 200 by creating additional photons 1n
response to the incident photons. Such amplification
enhances the quantum efliciency of the pixel cell 200. In
particular, since the Er-doped surface layer 223 and portion
266 can efficiently emait light at approximately 1.5 nm. Alter-
natively, the surface layer 223 and portion 266 can be doped
with one of ytterbium (Yb) or neodymium (Nd).

In another exemplary embodiment, one or both of the sur-
face layer 223 and the portion 266 include Er-doped silicon
nanocrystals. Silicon nanocrystals serve to enhance the effi-
ciency of photon amplification 1n the portion 266. After the
s1licon nanocrystals become excited, they decay radiatively
emitting photons.
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In still another exemplary embodiment, one or both of the
surface layer 223 and the dielectric portion 266 are doped

with both Er and Ytterbium (Yb).

Over the layer 262 are one or more interlayer dielectric
layers, collectively shown as an ILD region 263. The ILD
region 263 also includes conductive structures (not shown),
¢.g., metal lines, forming connections between devices of the
pixel cell 200 and from the pixel cell 200 devices to external
devices (not shown). Over the ILD region 263 1s a color filter
70, which selects a particular range of wavelengths. In one
exemplary embodiment, the color filter 70 selects for one or
more of red, infrared and/or near-infrared wavelengths.
Although a color filter 70 1s shown over the ILD region 263,
any suitable filter can be used or the pixel cell 200 can lack a
filter. Over the color filter 70 1s a lens 75, e.g., a microlens,
which focuses light onto the photodiode 212.

If desired, and as shown 1n FI1G. 2A, the pixel cell 200 can

include a first conductivity type doped well, e.g., ap-type well
2335 surrounding the isolation region 233 and a p-type well
234 below the floating diffusion region 31, the reset transistor
16, and a portion of the transfer transistor 17.

Although not shown 1n FIG. 2A, the pixel cell 200 also
includes source follower transistor 17 having a gate con-

nected to the floating diffusion region 31 and a row select
transistor 18 (as shown in FIG. 1A).

FIGS. 3A-3H depict the formation of pixel cell 200 accord-
ing to an exemplary embodiment of the invention. No par-
ticular order 1s required for any of the actions described
herein, except for those logically requiring the results of prior
actions. Accordingly, while the actions below are described as
being performed in a general order, the order 1s exemplary
only and can be altered 11 desired.

FIG. 3A illustrates a pixel cell 200 at an mitial stage of
tabrication. In the exemplary embodiment, the substrate 1 1s
a silicon substrate of a first conductivity type, which, for this
exemplary embodiment 1s p-type. An 1solation region 33 1s
formed 1n the substrate 1 and filled with a dielectric matenal.
The dielectric material may be an oxide material, for example
a silicon oxide; oxynitride; a nitride material, such as silicon
nitride; silicon carbide; a high temperature polymer; or other
suitable dielectric material. As shown 1n FIG. 3 A, the 1sola-
tion region 33 can be a shallow trench 1solation (ST1) region.
The dielectric material for the STI region 1s preferably a high
density plasma (HDP) oxide, a material which has a high
ability to effectively fill narrow trenches.

FIG. 3B depicts the formation of the transfer transistor 15
(F1G. 2A) gate stack 241 and the reset transistor 16 (FI1G. 2A)
gate stack 242. Although not shown, the source follower and
row select transistors 17, 18 (FI1G. 1A), respectively, can be
tormed concurrently with the transier and reset transistors 15,

16 as described below.

To form the gate stacks 241, 242, a first insulating layer
301a of, for example, silicon oxide 1s grown or deposited on
the substrate 1. The first insulating layer 301a serves as the
gate oxide layer for the subsequently formed transistor gate
clectrode. Next, a layer of conductive material 3015 1s depos-
ited over the oxide layer 301a. The conductive layer 3015
serves as the gate electrode for the transistors 135, 16 (FIG. 3).
The conductive layer 3015 may be a layer of polysilicon,
which may be doped to a second conductivity type, e.g.,
n-type. A second msulating layer 301c¢ 1s deposited over the
conductive layer 3015. The second insulating layer 301¢ may
be formed of, for example, TEOS, a silicon oxide (510,), a
nitride (e.g., silicon nitride), an oxynitride (silicon oxyni-
tride), ON (oxide-nitride), NO (nitride-oxide), or ONO (0x-
ide-nitride-oxide).
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The gate stack layers 301a, 3015, 301¢c may be formed by
conventional deposition methods, such as chemical vapor
deposition (CVD) or plasma enhanced chemical vapor depo-
sition (PECVD), among others. The layers 301q, 3015, 301c¢
are then patterned and etched to form the multilayer gate

stacks 241, 242 shown 1n FIG. 3B.

The mvention 1s not limited to the structure of the gate
stacks 241, 242 described above. Additional layers may be
added or the gate stacks 241, 242 may be altered as 1s desired
and known 1nthe art. For example, a silicide layer (not shown)
may be formed between the gate electrodes 3015 and the
second insulating layers 301c. The silicide layer may be
included in the gate stacks 241, 242, or in all of the transistor
gate stack structures in an 1mage sensor circuit, and may be
titanium silicide, tungsten silicide, cobalt silicide, molybde-
num silicide, or tantalum silicide. This additional conductive
layer may also be a barrier layer/refractor metal, such as
titantum nitride/tungsten (TiN/W) or tungsten nitride/tung-
sten (WN_ /W), or it could be formed entirely of tungsten
nitride (WN_).

Doped p-type wells 234, 235 are implanted into the sub-
strate 1 as shown 1n FI1G. 3C. The first p-well 235 1s formed 1n
the substrate 1 surrounding the 1solation region 33 and
extending below the 1solation region 33. The second p-well
234 1s formed 1n the substrate 1 from a point below the
transier gate stack 241 extending in a direction in the sub-
strate 1 away from where the photodiode 212 (FI1G. 2A) 1s to
be formed. The second p-well 234 can be shared with an
adjacent pixel cell (not shown).

The p-wells 234, 235 are formed by any known method.
For example, a layer of photoresist (not shown) can be pat-
terned over the substrate 1 having an opening over the area
where the p-wells, 234, 235 are to be formed. A p-type
dopant, such as boron, can be implanted into the substrate 1
through the opening in the photoresist. The p-wells 234, 235
are formed having a p-type dopant concentration that is
higher than adjacent portions of the substrate 1. Alternatively,
the p-wells 234, 235 can be formed prior to the formation of
the 1solation region 33.

As depicted in FIG. 3D, a doped n-type region 22 1s
implanted 1n the substrate 1. For example, a layer of photo-
resist (not shown) may be patterned over the substrate 1
having an opening over the surface of the substrate 1 where
photodiode 212 (FIG. 2A) 1s to be formed. An n-type dopant,
such as phosphorus, arsenic, or antimony, may be implanted
through the opening and into the substrate 1. Multiple
implants may be used to tailor the doping profile of region 22.
If desired, an angled implantation may be conducted to form
the doped region 22, such that implantation 1s carried out at

angles other than 90 degrees relative to the surface of the
substrate 1.

As shown 1n FIG. 3D, the n-type region 22 1s formed from
a point adjacent the transier gate stack 241 and extending 1n
the substrate 1 between the gate stack 241 and the 1solation
region 33. The region 22 forms a photosensitive charge accu-
mulating region for collecting photo-generated charge.

The floating diffusion region 31 and source/drain region 32
are 1mplanted by known methods to achieve the structure
shown 1 FIG. 3D. The floating diffusion region 31 and
source/drain region 32 are formed as n-type regions. Any
suitable n-type dopant, such as phosphorus, arsenic, or anti-
mony, may be used. The floating diffusion region 31 1s formed
on the side of the transier gate stack 241 opposite the n-type
photodiode region 22. The source/drain region 32 1s formed
on a side of the reset gate stack 242 opposite the tloating
diffusion region 31.
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FIG. 3E depicts the formation of a dielectric layer 237.
[lustratively, layer 237 is a tetraethyl orthosilicate (TEOS)
layer, but layer 237 may be any appropriate dielectric mate-
rial, such as silicon dioxide, silicon nitride, an oxynitride,
among others, formed by methods known 1n the art.

FIG. 3F illustrates the formation of the Er-doped surface
layer 223 within the substrate 1. The surface layer 223 1is
formed using one or more rare earth elements as dopants to
create a highly doped p-type surface layer. Preferably, the
surface layer 223 i1s doped with erbium (Er), such that the Er
concentration in the surface layer 223 1s at approximately the
Er solubility limit in silicon. One method of forming the
surface layer 223 1s by doping using a diffusion source, for
example, erbium oxide (Er,0,). Dissolving erbium oxide,
C,H,O.CEr, and certum oxide (CeO,) 1 1:1 hydrogen chlo-
ride (HCI) provides a transparent solution that can be used as
a liquid Er source. An anneal step 1s conducted to diffuse Er
into the substrate 1. See Chen et al. “Optoelectronic Property
of PN Junction on Erbium-Doped Silicon Using Thermal
Diffusion Method,” Solid State Electronics 47, pp. 2127-
2130 (2003), which 1s incorporated herein by reference.

Alternatively, Er can be implanted using an erbium chlo-
ride source. Preferably, the implantation 1s conducted at an
energy within the range of approximately 100 keV to approxi-
mately 300 keV, and more preferably at an energy of approxi-
mately 250 keV. The implant dose 1s within the range of
approximately lel3 atoms/cm® to approximately lel5
atoms/cm”. The implant is followed with an inert nitrogen
anneal to keep the Er concentration close to the solid solubil-
ity limit in silicon. See Tang, et al. “Characteristics of Rare-
Earth Element Erbium Implanted 1n Silicon,” Applied Phys-
ics Letters 35(5), pp. 432-433 (Jul. 31, 1989), which 1is
incorporated herein by reference.

According to another embodiment of the invention, the
surface layer 223 1s doped with one of Yb or Nd. In another
embodiment, the surface layer 223 1s embedded with Er-
doped silicon nanocrystals by known techniques. According
to st1ll another embodiment of the invention, the surface layer
223 1s doped with Er and ytterbium (Yb) by any suitable
technique.

Optionally, the surface layer 223 can lack a rare earth
clement. In such a case, a p-type dopant, such as boron,
indium, or any other suitable p-type dopant, may be used to
form the p-type surface layer 223. Additionally, if desired, the
surface layer 223 can be formed before the n-type region 22
(F1G. 3D).

The TEOS layer 237 1s etched as shown in FIG. 3G. The
remaining portions of the layer 237 form a sidewall spacer on
a stdewall of the reset gate stack 242. The layer 237 remains
over the transier gate stack 241, the photodiode 212, the
floating diffusion region 31, and a portion of the reset gate
stack 242. Alternatively, a dry etch step can be conducted to
etch portions of the oxide layer 237 such that only sidewall
spacers (not shown) remain on the transfer gate stack 241 and
the reset gate stack 242.

Also, a first dielectric layer 261, e.g., another TEOS layer,
1s formed over the TEOS protective layer 237 to achieve the
structure shown 1n FIG. 3G.

As depicted 1 FIG. 3H, a second dielectric layer 262 is
formed over the TEOS first dielectric layer 261. In the
embodiment of FIG. 3H, the second dielectric layer 262 1s a
layer of BPSG. The portion 266, which includes the TEOS
first dielectric layer 261 and BPSG second dielectric layer
262, 1s doped with one or more rare earth elements. Addition-
ally, if desired, the portion 266 can extend into the TEOS layer
2377, such that at least part of the layer 237 1s doped with one
or more rare earth elements. The portion 266 can have a
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thickness as small as approximately 500 Angstroms (A), and
can be approximately as thick as the combined thicknesses of
the layers 237, 261, 262.

In one exemplary embodiment, the portion 266 1s doped
with Er as described above in connection with FIG. 3F. In
another exemplary embodiment, the portion 266 1s doped
with one of Yb or Nd. In another exemplary embodiment of
the mvention, the portion 266 1s embedded with Er-doped
s1licon nanocrystals by any suitable method known 1n the art.
In still another exemplary embodiment of the invention the
portion 266 1s doped with both Er and Yb by known tech-
niques.

Conventional processing methods are used to form other
structures of the pixel 200, to achieve the structure shown 1n
FIG. 2A. Specifically, one or more additional dielectric lay-
ers, shown collectively as the ILD region 263 are formed.
Also, shielding, and metallization layers to connect gate lines,
and other connections of the pixel 300 may be formed. The
dielectric layer 263 can be, for example, silicon dioxide,
borosilicate glass (BSG), phosphosilicate glass (PSG), or
borophosphosilicate glass (BPSG). The layers 261, 262, and
ILD region 263 are etched to provide contact holes (not
shown), which are then metallized to provide connections
between the devices of the pixel cell 200 and to circuitry (not
shown) outside the pixel cell 200. Also, a color filter 70 1s
formed over the ILD region 263 and a microlens 75 1s formed
over the color filter 70. In one exemplary embodiment, a color
filter 70 that selects for one or more of red, infrared and/or
near-infrared wavelengths 1s formed over the ILD region 263.

FI1G. 4 depicts a pixel cell 400 according to another exem-
plary embodiment of the mvention. The pixel cell 400 1s
similar to the pixel cell 200 (FIG. 2A), except that instead of
a portion 266 (FI1G. 2A), the pixel cell 400 has a portion 466
that 1s doped with one or more rare earth elements. In the
exemplary embodiment of FIG. 4, the portion 466 extends
from approximately the substrate 1 to approximately the
color filter 70. Accordingly, the region 466 can have a thick-
ness approximately equivalent to that of the ILD region 263
(which can contain one or more layers) and the layers 237,
261, 262, for example, approximately 3 micrometers (um).
Alternatively, the portion 466 can extend through only some
of the layers 237,261, 262, 263 and/or only partly though one
or more layers 237, 261, 262, 263. Accordingly, the portion
466 could have a thickness from approximately 500 A to
approximately 3 um.

In one exemplary embodiment, the portion 466 1s doped
with one of Er, Yb, or Nd. In another exemplary embodiment,
the portion 466 1s embedded with Er-doped silicon nanocrys-
tals. In still another exemplary embodiment of the mvention,
the portion 466 1s doped with both Er and Yb. The pixel cell
400 can be formed similar to the pixel cell 200 as described
above 1n connection with FIGS. 3A-3H. Instead, however, of
forming the portion 266, the portion 466 1s formed.

FIG. § depicts a pixel cell 500 according to another exem-
plary embodiment of the mvention. The pixel cell 500 1s
similar to the pixel cell 400, except that the pixel cell 500
includes a dielectric layer 577, which 1s doped with one or
more rare earth elements, between the filter 70 and the micro-
lens 75. The layer 577 can be any suitable dielectric. Prefer-
ably the layer 577 1s an oxide layer. In one exemplary embodi-
ment, the layer 577 1s doped with one of Er, Yb, or Nd. In
another exemplary embodiment, the layer 577 1s embedded
with Er-doped silicon nanocrystals. In still another exemplary
embodiment of the invention, the layer 577 1s co-doped with
Er and Yb. The pixel cell 400 can be formed similar to the
pixel cell 400 as described above in connection with FIG. 4,
except with additional processing steps. The layer 577 can be
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formed by any suitable technique and doped as described
above 1n connection with FIG. 3H.

Although the pixel cell 500 1s shown including the portion
466, the pixel cell 500 could 1nstead include portion 266 (FIG.
2A). Alternatively, the pixel cell 500 could lack a rare earth
clement and silicon nanocrystals between the filter 70 and
microlens 75.

The pixel cell 500 1s particularly suitable when red, near
infrared and infrared wavelengths are of interest and are
selected for by a filter, e.g., filter 70 (e.g., automobile appli-
cations). Photons generated 1n the layer 577 have wave-
lengths of approximately 1.5 um and must pass through the
filter 70 before reaching the photodiode 212. Therefore, the
photodiode 212 of the pixel cell 500 will only receive the
charge amplified by the layer 377 when the filter 70 allows
wavelengths of approximately 1.5 um to pass through.

While the above embodiments are described 1n connection
with the formation of p-n-p-type photodiodes the invention 1s
not limited to these embodiments. The mvention also has
applicability to other types of photo-conversion devices, such
as a photodiode formed from n-p or n-p-n regions 1n a sub-
strate, a photogate, or a photoconductor. If an n-p-n-type
photodiode 1s formed the dopant and conductivity types of all
structures would change accordingly.

Although the above embodiments are described in connec-
tion with 4T pixel cell 200, 400, 500, the configuration of
pixel cells, 200, 400, 500 1s only exemplary and the invention
may also be incorporated into other pixel circuits having
different numbers of transistors. Without being limiting, such
a circuit may include a three-transistor (3T) pixel cell or afive
(3T) or more transistor pixel cell. A 37T cell omits the transfer
transistor, but may have a reset transistor adjacent to the
photo-conversion device. The 5T, 6'T, and 7T pixel cells differ
from the 4T pixel cell by the addition of one, two, or three
transistors, respectively, such as a shutter transistor, a CMOS
photogate transistor, and an anti-blooming transistor. Further,
while the above embodiments are described 1n connection
with CMOS pixel cells 300, 400, 500, the invention 1s also
applicable to pixel cells in a charge coupled device (CCD)
1mage sensor.

A typical single chip CMOS 1mage sensor 600 1s illustrated
by the block diagram of FIG. 6. The image sensor 600
includes a pixel cell array 680 having one or more pixel cells
200 (FIG. 2A), 400 (FIG. 4), and/or 500 (FIG. 5) described
above. The pixel cells of array 680 are arranged in a prede-
termined number of columns and rows.

In one exemplary embodiment of the invention, each pixel
cell 200 (FIG. 2A), 400 (FIG. 4), and/or 500 (FIG. 5) of the
array 680 includes a color filter 70 that selects for one or more
of red, infrared and/or near-inirared wavelengths. Preferably,
the color filter 70 1s common to each pixel cell 200 (F1G. 2A),
400 (FIG. 4), and/or 500 (F1G. 5) of the array 680. That 1s, the
color filter 70 1s formed as a single structure shared by all
pixel cells 200 (F1G. 2A), 400 (F1G. 4), and/or 500 (FIG. 5) of
the array 680.

The rows of pixel cells 1n array 680 are read out one by one.
Accordingly, pixel cells 1n a row of array 680 are all selected
for readout at the same time by a row select line, and each
pixel cell in a selected row provides a signal representative of
received light to areadout line for 1ts column. In the array 680,
cach column also has a select line, and the pixel cells of each
column are selectively read out 1n response to the column
select lines.

The row lines 1n the array 680 are selectively activated by
a row driver 682 1n response to row address decoder 681. The
column select lines are selectively activated by a column
driver 684 1n response to column address decoder 683. The
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array 680 1s operated by the timing and control circuit 683,
which controls address decoders 681, 685 for selecting the
appropriate row and column lines for pixel signal readout.

The signals on the column readout lines typically include a
pixel reset signal (V, ), taken from the floating diffusion
region after reset, and a pixel image signal (V,,,,), taken
alter a charge integration period, for each pixel cell. Both
signals are read into a sample and hold circuit (S/H) 686 1n
response to the column driver 684. A difterential signal (V,_ -
V noto) 18 produced by difterential amplifier (AMP) 687 for
cach pixel cell, and each pixel cell’s differential signal 1s
digitized by analog-to-digital converter (ADC) 688. The ana-
log-to-digital converter 688 supplies the digitized pixel sig-
nals to an 1mage processor 689, which performs appropriate
image processing before providing digital signals defining an
image output.

FIG. 7 illustrates a processor system 700 including the
image sensor 600 of FIG. 6. The processor system 700 1s
exemplary of a system having digital circuits that could
include 1image sensor devices. Without being limiting, such a
system could include a computer system, camera system,
scanner, machine vision, vehicle navigation, video phone,
survelllance system, auto focus system, star tracker system,
motion detection system, and other systems requiring image
acquisition.

The system 700, for example a camera system, generally
comprises a central processing unit (CPU) 795, such as a
microprocessor, that communicates with an input/output
(I/O) device 791 over a bus 793. Image sensor 600 also
communicates with the CPU 795 over bus 793. The processor
system 700 also includes random access memory (RAM)
792, and can include removable memory 794, such as flash
memory, which also communicate with CPU 793 over the bus
793. Image sensor 600 may be combined with a processor,
such as a CPU, digital signal processor, or microprocessor,
with or without memory storage on a single integrated circuit
or on a different chip than the processor.

It1s again noted that the above description and drawings are
exemplary and 1llustrate preferred embodiments that achieve
the objects, features and advantages of the present invention.
It 1s not intended that the present invention be limited to the
illustrated embodiments. Any modification of the present
invention which comes within the spirit and scope of the
following claims should be considered part of the present
invention.

What 1s claimed as new and desired to be protected by
Letters Patent of the United States 1s:

1. A method of forming a pixel cell, the method comprising
the acts of:

providing a substrate;
forming a photo-conversion device at a surface of the sub-

strate;
forming a first dielectric layer over the photo-conversion
device; and

doping at least a portion of the first dielectric layer over the
photo-conversion device with at least one rare earth
clement.

2. The method of claim 1, wherein the act of doping com-
prises doping the portion of the first dielectric layer with
erbium.

3. The method of claim 1, wherein the act of doping com-
prises doping the portion of the first dielectric layer with
ytterbium.

4. The method of claim 1, wherein the act of doping com-
prises doping the portion of the first dielectric layer with
neodymium.
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5. The method of claim 1, wherein the act of doping com-
prises doping the portion of the first dielectric layer with
erbium and ytterbium.

6. The method of claim 1, wherein the act of doping com-
prises embedding the portion of the first dielectric layer with
erbium doped silicon nanocrystals.

7. The method of claim 1, wherein the act of doping com-
prises diffusing the at least one rare earth element into the
portion of the first dielectric layer.

8. The method of claim 1, wherein the act of doping com-
prises implanting the at least one rare earth element into the
portion of the first dielectric layer.

9. The method of claim 1, wherein the act of forming the
photo-conversion device comprises forming a pinned photo-
diode by forming a doped layer of a first conductivity type at
a surface of the substrate.

10. The method of claim 9, wherein the act of forming the
doped layer comprises doping the layer with the at least one
rare earth element.

11. The method of claim 1, further comprising the acts of
forming at least a second dielectric layer over the photo-
conversion device and doping at least a portion of the at least
second dielectric layer with at least one rare earth element.

12. The method of claim 11, further comprising the acts of:

forming a filter over the substrate;

forming a plurality of second dielectric layers over the

substrate, but below the filter; and

doping a portion of the plurality of second dielectric layers

with the rare earth element.

13. The method of claim 12, wherein the act of doping
comprises doping the portions of the first and plurality of
second dielectric layers such that the portions of the layers
containing the rare earth element extend continuously from
approximately the substrate to approximately the filter.

14. The method of claim 1, wherein the act of forming the
photo-conversion device comprises forming a pinned photo-
diode by forming a layer of a first conductivity type at a
surface of the substrate and doping the first conductivity type
layer with the at least one rare earth element.

15. The method of claim 1, further comprising the act of
forming a filter over the substrate and a lens over the filter,
wherein the act of forming the first dielectric layer comprises
forming the first dielectric layer between the filter and the
lens.

16. The method of claim 1, further comprising forming a
filter over the substrate for selecting for one or more of red,
inirared, and near-infrared wavelengths.

17. A method of forming a pixel cell, the method compris-
ing the acts of:

providing a substrate;

forming a photo-conversion device within the substrate by

forming a layer of a first conductivity type over a region
of a second conductivity type;

forming a plurality of dielectric layers over the substrate

and photo-conversion device; and

doping a portion of the dielectric layers with erbium, the

portion being located over the photo-conversion device.

18. The method of claim 17, further comprising the act of
doping the portion of the dielectric layers with ytterbium.

19. The method of claim 17, wherein the act of doping the
portion of the dielectric layers comprises embedding the por-
tion with erbium-doped silicon nanocrystals.

20. The method of claim 17, wherein the act of forming the
layer of a first conductivity type comprises doping the first
conductivity type layer with erbium.

21. A method of forming a pixel cell, the method compris-
ing the acts of:
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providing a substrate;

forming a photo-conversion device at a surface of the sub-

strate;

forming a plurality of first dielectric layers over the sub-

strate and the photo-conversion device;

forming a filter over the plurality of first dielectric layers;

forming a second dielectric layer over the filter; and

doping the second dielectric layer with at least one rare
carth element for amplifying photons.

22. The method of claim 21, wherein the act of doping
comprises doping the second dielectric layer with ytterbium.

23. The method of claim 21, wherein the act of doping
comprises doping the second dielectric layer with neody-
mium.

24. The method of claim 21, wherein the act of doping
comprises doping the second dielectric layer with erbium.

25. The method of claim 21, wherein the act of doping
comprises doping the second dielectric layer with erbium and
ytterbium.

26. The method of claim 21, wherein the act of doping
comprises embedding the second dielectric layer with erbium
doped silicon nanocrystals.

277. The method of claim 21, wherein the act of forming the
photo-conversion device comprises forming a pinned photo-
diode by forming a layer of a first conductivity type at a
surface of the substrate and doping the first conductivity type
layer with the at least one rare earth element.

28. The method of claim 21, further comprising the act of
doping at least a portion of the plurality of first dielectric
layers with the at least one rare earth element.

29. The method of claim 28, wherein the act of forming the
photo-conversion device comprises forming a pinned photo-
diode by forming a layer of a first conductivity type at a
surface of the substrate and doping the first conductivity type
layer with at least one rare earth element.

30. A method of forming a pixel cell, the method compris-
ing the acts of:

providing a substrate;

forming a photo-conversion device at a surface of the sub-

strate;
forming a dielectric layer over the photo-conversion
device; and

doping at least one of a portion of the photo-conversion
device and a portion of the dielectric layer over the
photo-conversion device with a rare earth element.

31. The method of claim 30, wherein the rare earth element
1s selected from the group consisting of erbium, ytterbium or
neodymium.

32. The method of claim 30, wherein the act of doping
comprises doping the at least one of a portion of the photo-
conversion device and a portion of the dielectric layer with a
plurality of rare earth elements.
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33. The method of claim 30, wherein the act of doping
comprises embedding the at least one of a portion of the
photo-conversion device and a portion of the dielectric layer
with erbium doped silicon nanocrystals.

34. The method of claim 30, wherein the act of forming the
photo-conversion device comprises forming a pinned photo-
diode by forming a layer of a first conductivity type at a
surtace of the substrate.

35. The method of claim 30, further comprising the acts of:

forming a filter over the substrate;

forming a plurality of dielectric layers over the substrate,

but below the filter; and

doping a portion of at least one of the plurality of dielectric

layers with a rare earth element.

36. The method of claim 35, wherein the act of doping
comprises doping portions of the plurality of dielectric layers
such that doped portions extend continuously from approxi-
mately the substrate to approximately the filter.

37. The method of claim 30, further comprising the act of
forming a filter over the substrate and a lens over the filter,
wherein the act of forming the first dielectric layer comprises
forming the first dielectric layer between the filter and the
lens.

38. A method of forming a pixel cell, the method compris-
ing the acts of:

providing a substrate;

forming a photo-conversion device at a surface of the sub-

strate;

forming a plurality of first dielectric layers over the sub-

strate and the photo-conversion device;

forming a filter over the plurality of first dielectric layers;

forming a second dielectric layer over the filter; and

doping the second dielectric layer with a rare earth ele-
ment.

39. The method of claim 38, wherein the rare earth element
1s selected from the group consisting of erbium, ytterbium or
neodymium.

40. The method of claim 38, wherein the act of doping
comprises doping the second dielectric layer with a plurality
of rare earth elements.

41. The method of claim 38, wherein the act of doping
comprises embedding the second dielectric layer with erbium
doped silicon nanocrystals.

42. The method of claim 38, wherein the act of forming the
photo-conversion device comprises forming a pinned photo-
diode by forming a layer of a first conductivity type at a
surface of the substrate and doping the first conductivity type
layer with a rare earth element.

43. The method of claim 38, further comprising the act of
doping at least a portion of the plurality of first dielectric
layers with the rare earth element.
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